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We cloned two novel human transmembrane sema- 
phorins, (HSA)SEMA6C and (HSA)SEMA6D, that belong 
to the class VI subgroup of the semaphorin family. The 
genes for SEMA6C and SEMA6D are mapped on chromo- 
some lql2-21.1 and 15q21.1, respectively. Among the 
adult tissues, SEMA6C is expressed only in skeletal mus- 
cle, whereas SEMA6D is expressed abundantly in kid- 
ney, brain, and placenta and moderately in the heart 
and skeletal muscles. During murine development, nei- 
ther SEMA6C nor SEMA6D was expressed in embryonic 
day 10.5 (E10.5) embryos, but both were highly ex* 
pressed in the areas of the lateral ventricle, the stria* 
tum, the wall of the midbrain, the pons/midbrain junc- 
tion, and the choroid plexus of E13 embryos. Were 
neurons, neither axons nor astrocytes, highly expressed 
both semaphorins. Three isoforms of SEMA6C and five 
isoforms of SEMA6D derived from alternative splicing 
were identified, and their expression was regulated in a 
tissue- and development-dependent manner. Deletion 
analysis indicated that a sema domain and a PSI domain 
are integrally necessary for correct post-translation 
modification and subcellular localization. The extracel- 
lular domain of SEMA6C inhibited axonal extension of 
nerve growth factor-differentiated PC12 cells and in- 
duced the growth cone collapse of chicken dorsal root 
ganglion, rat hippocampal neurons, and rat cortical 
neurons in a dose-responsive manner. SEMA6D acted 
like SEMA6C except it had no significant effect on the 
growth cones of rat cortical neurons. 



Growing axons navigate through the developing embryo with 
remarkable accuracy. An axon's response to the guidance cues 
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in its immediate environment determines the trajectory it will 
take. Within the past few years, many guidance cues belonging 
to the semaphorin (1-3), netrin (4), ephrin (5), and slit (6, 7) 
signaling molecules families, and to Nogo (8) of the Reticulon 
family, have all been shown to attract or repel specific axons in 
culture and/or to affect axon guidance in vivo. 

All semaphorins contain a semaphorin (sema)^ domain and a 
PSI domain (found in plexins, semaphorins, and integrins) (9) 
in the extracellular portion and a class-specific C terminus that 
may contain additional sequence motifs. At present, semaphor- 
ins have been categorized into eight subclasses. Class I and 
class II semaphorins are found in invertebrates. Classes III to 
VII are found in vertebrates, and a final class comprises pro- 
teins encoded by viruses. In vertebrates, class III semaphorins 
are secreted proteins, whereas classes IV-VI are transmembrane 
proteins. Class VI and class III semaphorins resemble class I and 
class II semaphorins, respectively, in their domain arrange- 
ments, but both class VT and class III semaphorins are phyloge- 
netically distinct from class I and class II semaphorins (1-3). 

Recently, many new genes with important biological func- 
tions on cell migration have been detected based on large scale 
sequencing of human fetal liver cDNA libraries in our labora- 
tory (10, 11). To identify potential novel human semaphorin 
genes, more than 14,000 expressed sequence tags (ESTs) of 
human fetal liver cDNA libraries sequenced in our laboratory 
(12) have been analyzed to search the non-redundant Gen- 
Bank™ data base with the Blast program. Among these ESTs, 
an insert clone, FLD6219, with high homology to rat SemaGC 
(R-Sema Y) cDNA (13) was selected for further study. 

Here, we report on the molecular cloning, mapping, and 
functional analysis of two mammalian semaphorins, 
(HSA)SEMA6C and (HSA)SEMA6D. Sequencing of the two 
genes for SEMA6C and SEMA6D indicated that both are class 
VI transmembrane semaphorins. Three isoforms of SEMASC 
and five isoforms of SEMA6D, probably generated by alterna- 
tive splicing, were identified. Fimctional studies show that 
SEMA6C and SEMA6D not only induce growth cone collapse of 
dorsal root ganglion (DRG) and certain cultured rat neurons 
but also inhibit axonal extension of nerve growth factor (NGF)- 
differentiated PC 12 cells in a dose-responsive manner. The 
expression profiles and genomic organization of the genes for 
SEMAGC and SEMA6D are also described. 



* The abbreviations used are: sema, semaphorpin; PSI, found in plex- 
ins, semaphorins, and integrins; EST, expressed sequence tag; RT-PCR, 
reverse transcription PGR; CDS, coding sequence; RACE, rapid ampli- 
fication of cDNA ends; DRG, dorsal root ganglion; NGF, nerve growth 
factor; aa, amino acid(s); contig, contiguous group of overlapping clones; 
DEPC, diethyl pyrocarbonate; PBS, phosphate-buffered saline; MOPS, 
4-morpholinepropanesulfonic acid; E, embryonic day {e.g. E10.6); NBT, 
nitro blue tetrazolium; BCIP, 5-bromo-4-chloro-3-indolyl phosphate. 
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EXPERIMENTAL PROCEDURES 

Identification and cDNA Cloning of Human SEMA6C and 
SEMA6I>-~B&Bed on a cDNA clone (No. FLD6219) homologous to rat 
SemaSC cDNA, we obtained a putative full-length cDNA of SEMA6C 
using contig from public data bases, PGR with primers directly based on 
the rat SemaGC sequence, and the 5 '-RACE (rapid ampHfication of 
cDNA ends) technique (SMART™ RACE cDNA Amplification Kit, 
CLONTECH). Then, two sets of primers were used to confirm existence 
of the predicted cDNA sequence of SEMA6C and to amplify its coding 
sequence (CDS) from human brain cDNA. These resulted in pGEM-T 
vectors with the entire CDSs of the three alternative splicing variants 
(SEMAGC. 1, SEMA6C.2, and SEMA6C.3), respectively. To identify any 
SEMA6C-related semaphorins in human, we performed a contig search 
through sequence databases with SEMA6C.1 cDNA and retrieved two 
partial cDNAs (5223 and 1588 bp) susceptible to encoding a SEMA6C- 
related semaphorin. Then reverse transcription (RT)-PCRs and 5'- 
RACE were used to isolate the full-length cDNA. These resulted in 
pGEM-T vectors with the entire CDSs of the five alternative splicing 
variants (SEMA6D.1, SEMA6D.2, SEMA6D.3, SEMA6D.4, and 
SEMA6Ds), respectively. The primers used above are described in the 
Supplemental Material. 

To distinguish three isoforms of SEMA6C or four long isoforms of 
SEMA6D, RT-PCRs were performed using poly(A)"^ RNAs of human 
tissues (CLONTECH) and total RNAs of rat and mouse tissues. A pair 
of primers for detecting the 96-bp insertion in SEMAGC were as follows: 
P7, 5'-AACAGCACGACGGATCATAG-3'; and P8, 5'-GAGGAGTGG- 
GATGGGGAC-3'. A pair of primers for detecting the 120-bp insertion in 
S£MA6C were as follows: P9, 5'-GTCTGCGCCTTCTACCTGGA-3'; and 
PIO, 5'-(XxCCTGTAAAACATCAAAT-3'. A pair of primers for detecting 
the long isoforms of SEMA6D were as follows: Pll, 5'-TAGAGTGAC- 
CCCAGGGATGC-3'; and P12, 5'-GACTGGACTTCCCATCGTAC-3'. 
The PGR amplification for SEMAGC was performed under the following 
conditions: 4 min of initial denaturation at 94 °C followed by 30 cycles 
of 94 °C for 45 s, 58 •'C for 45 s, and 72 ^'C for 1 min and ending with a 
final extension at 72 'C for 7 min. Amplification used TaKaRa La Tag 
with GC buffer (TaKaRa Biotechnology Inc., Dalian, China). The PGR 
program for SEMA6D comprised 94 "C for 4 min followed by 30 cycles 
of 94 'C for 45 s, 55 *C for 45 s, and 72 for 45 s. FOR products were 
separated on agarose gels (1% for SEMAGC and 2% for SEMA6D\ 
purified from the gel, and sequenced directly. The principle of com- 
puter-based chromosomal assignment of a new gene was described 
previously (11). 

Sequence Analysis of Human SEMAGC and SEMA6D— The sequence 
alignment and phylogenetic tree among mammalian class semaphorin 
proteins were performed using the program CLUSTAL W. Protein 
subsequence motifs were identified using the network service SMART 
(smart.embl-heidelberg.de). Prosite information of the proteins was 
analyzed with the TMpred program, which was used to make a predic- 
tion of membrane-spanning regions and their orientation. 

Northern Blot Analysis — ^A human multiple tissue Northern blot 
(CLONTECH) was hybridized to the specific probes of SEMA6C, 
SEMA6D, and actin, respectively. The probes were generated with the 
Klenow fragment of DNA polymerase I and [a-^^P]dCTP using the 
Prime-a-(jene® labeling system (Promega). The Northern blot was pre- 
made with Poly(A)^ RNA from 12 human tissues. The DNA templates 
for the probes of SEMA6C (an Xhol-Sacl fragment of 871 bp, nucleo- 
tides 2820-3691 of SEMA6C.1), the SEMA6D long isoform-specific 
probe (a BamHl fragment of 926 bp, nucleotides 2055-2981 of 
SEMA6D.1), the SEMA6D-specific probe (nucleotides 1875-2166 of 
SEMA6Ds), and the SEMA6D common probe (a Sacl-PstI fragment of 
538 bp, nucleotides 216-853 of SEMA6D.1) were the fragments that 
were not homologous to other members of this family. The hybridization 
procedure followed the manufacturer's protocol. After being washed, 
the blots were exposed to x-ray film at -70 'C with an intensifying 
screen. 

Expression Vectors and Immunofluorescence Assay — ^To express 
semaphorin extracellular domains in soluble forms, the extracellular 
domain (including sema domain and PSI domain) of SEMAGC. 1 (aa 

1-573) or SEMA6C.3 (aa 1-533) cDNA was subcloned into Myc/His- 
tagged expression vector pcDNA3.1-MycHis (Invitrogen) at the KpnU 
EcoRl sites to create the constructs allowing the expression of C termi- 
nally tagged Myc-His fusion proteins, i.e. SEMA6C.l-mh and 
SEMA6C.3-mh, respectively. The constructed plasmids are named 
pcDNA3.1-SEMA6C.l and pcDNA3.1-SEMA6C.3, respectively. Simi- 
larly, the extracellular domain of SEMA6D.1 (aa 1-592) cDNA and 
the entire CDS of SEMA6Ds were subcloned in-frame into the 
pcDNA3.1 vector at the NotVXbal sites and BamHI/ficoRI sites. 



leading to pcDNA3.1-SEMA6D.l and pcDNAS.l-SEMASDs, respec- 
tively. pcDNA3.1-SEMA6C.lAPSI was constructed by deleting the PSI 
domain from the pcDNA3.1-SEMA6C.l construct. In brief, two fragments 
were amplified from the plasmid pcDNA3.1-SEMA6C.l using two sets of 
primers and were then cut and religated to pcDNAS.l-MycHis. The fol- 
lowing primers were used: P13 (sense), CGGGGTACCATGCCCCGTGC- 
CCCCCACTTCATGC. and P14 (antisense), 5'-CGGGTCTAGAAAAAGC- 
CACAAAAAGCCrrGTG-3'; P15 (sense), 5'.CGGGTCTAGAG(3TACTGG- 
GAGTCAGTCTGGC-3', and P16 (antisense), 6'-CGGAATTCAAAGTT(3- 
AAACGGCCGCCGTTCGGG-3'. The subcloned inserts were confirmed by 
sequencing. 

For intracellular localization study of the five fusion proteins men- 
tioned above, C0S7 cells transfected with pcDNA3.1-SEMA6C.l, 
PCDNA3.1-SEMA6C.3, pcDNA3.1-SEMA6C.l-APSI, pcDNA3.1- 
SEMA6D.1, or pcDNA3.1-SEMA6Ds were fixed in 30% paraformalde- 
hyde, permeabilized in 0.5% Triton X-100, and stained with anti-Myc 
antibody according to standard procedure (14). The nuclei were stained 
by Hoechst 33342. All cell samples were viewed under an epifluores- 
cence microscope. 

Isolation and Culture of Primary Neurons and in Situ Hybridiza- 
tion — The primary neurons were isolated from the spinal cords of new- 
bom rats (12 h). The spinal cords were dissected out and cut with 
scissors into about 1-mm^ blocks. Dulbecco's modified Eagle's medivun 
with 0.25% trypsin was added and digested for 30 min at 37 "C, which 
was terminated by adding the basic culture medium (Dulbecco's modi- 
fied Eagle's medium with 10% fetal bovine serum and 1% N3). After 1 
min, the tissue was transferred into basic medium and rinsed twice. 
The tissue blocks were then blown gently with a Pasteur pipette, and 
then the isolated neurons were cultured in a basic medium at a density 
of 0.5 X 10^/cm^. After 1 day, arabinosylcytosine (10~^ m) was added 
into the medium, which was then cultured continuously for another day 
to kill dividing cells. Every day thereafter, half of the medium was 
replaced with appropriate fresh medium. After removing arabinosylcy- 
tosine throughout by two changes of the N3 culture medium, the neu- 
rons were cultured continuously for another day, and then the neurons 
were faxed with in 4% paraformaldehyde and 1/1000 DEPC solution (in 
PBS, pH 7.4) at room temperature for 30 min. Then, the nonradioactive 
in situ hybridization protocols were employed as follows. The neurons 
were dipped in 0.5% methanol to extinguish endogenesis peroxidase for 
30 min at room temperature. After being washed, the culture dishes 
were incubated in a pepsin solution for 1 min at room temperature to 
expose the mRNA section, and then 20 ^1 of pre-hybridization solution 
was added to the dishes for 4 h at 37 "C. Afterward, 20 /il of hybridiza- 
tion solution including differently labeled probes were added separately 
into the dishes overnight at 40 ''C. After being washed thoroughly with 
SSC, the dishes were incubated in antibody against digoxigenin, con- 
juncted by biotin for 60 min at 37 *C, and visualized with the BCIP/NBT 
system for 20-30 min at room temperature. 

Whole Mount in Situ Hybridization — Murine embryos (10.5 and 13 
days) were dissected free of any extra-embryonic membranes, fixed in 
4% paraformaldehyde in DEPC-PBS overnight at 4''C, washed in 
DEPC-PBS, and then stored in 100% methanol at -20 "C until re- 
quired. The embryos were rehydrated in gradient methanol, washed 
twice in PTw (Ix PBS, 0.1% Tween 20) for 5 min each, treated with 10 
/xg/ml proteinase K in PTw for 30 min, rinsed once gently in PTw, 
re-fixed for 20 min at room temperature, washed twice in PTw for 5 min 
at room temperature, and transferred to an 0.5-ml Eppendorf tube. 
Then as much liquid as possible was removed while taking care to avoid 
damaging the embryos; 0.5 ml hybridization mix (50% formamide, 5X 
SSC, 0.5 mg/ml yeast tRNA, 0.5 mg/ml salmon sperm DNA, 5x Den- 
hardt's solution, 0.5% SDS) was added. The mixture was removed and 
replaced with fresh hybridization mix, the embryos were pre-hybridized 
at 63 *C for 2 h, probe was added to a final concentration of about 0.5 
^g/ml; the mixture was hybridized overnight at 63 "C and was then 
rinsed twice with pre-warmed 63 *C hybridization mix, digested with 20 
/ig/ml RNase A (10 mmol/liter Tris-HCl, 0.5 mol/liter NaCl, 5 mmol/liter 
EDTA, pH 8.0) for 30 min, twice for 20 min in 2x SSC at 63 "C, twice 
for 20 min in O.lx SSC at 63 *C, and once in buffer 1 (0.1 mol/liter 
maleic acid, 0.15 mol/liter NaCl, pH 7.5). After a 60-min blocking at 
room temperature in 5% normal goat serum in buffer 2 (1% blocking 
reagent in buffer 1; Roche Molecular Biochemicals), embryos were in- 
cubated overnight at 4 *C in a 1:2000 dilution of anti-digoxigenin Fab 
fragment in 5% normal goat serum in buffer 2. They were washed four 
times with buffer 1 for 1 h each, washed twice with alkaline phospha- 
tase buffer (0.1 mmol/liter Tris-HCl, pH 9.5, 0.1 mmol/liter NaCl, and 
50 mmol/liter MgCla) for 1 h each. For every ml of alkaline phosphatase 
buffer, 4.5 /il of NBT and 3.5 ;il of BCIP were added, and the mixture 
was developed in the dark for 2 to 20 h. When the reaction had pro- 
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Sema6C_MMU MPRAPHSMPLLLLLLLLSSLPQAQAAFPQDPTPLLTSDLQGAS PSS WFRGLEDDAVAAEL 6 0 

Sema6C_RNO MPRAPHSMPLLLLLLLS- -LPQAQTAFPQDPIPLLTSDLQGTS PSS WFRGLEDDAVAAEL 58 

SEMA6C_HSA MPRAPHFT4PLLLLLLLLS - LPHTQAAFPQDPLPLLISDLQGTS PLS WFRGLEDDAVAAEL 5 9 

SEMA6D_HSA -MRVPLLCAYILLLMVS- --QLRAVSFPEDDEPLNTVDYHYSRQYPVPRGRPSGNESQHR 56 



Sema6C_MM0 GLDFQRFLTLNRTLLVAARDHVFSFDLQAQEEGEGLVPNKFLTWRS--QDMENCAVRGKL 118 

Sema6C_RNO GLDFQRPLTLNRTLLyAARDHVFSFDLQAQEEGEGLVPNKFLTWRS--QDMENCAVRGKL 116 

SEMA6C_HS A GLDFQRPLTLNRTLLVAARDHVFS FDLQAEEEGEGLVPNKYLTWRS - -QDVENCAVRGKL 117 

SEMA6 D_HS A - LDPQLMLKIRDTLY lAGRDQVYTVNLNEMPKTE -VI PNKKLT WRSRQQDRENCAMKGKH 1 14 



**** 



* ***** ** ****«:** 



Sema6C_MMU TDECYNYIRVLVPWNSQTLLACGTNSFSPMCRSYGITSLQQEGEELSGQARCPFDATQST 1 78 

Sema6C_RNO TDECYNYIRVLVPWDSQTLLACXSTNSPSPVCRSYGITSLQQEGEELSGQARCPFDATQST 176 

SEMA6C_HSA TDECYNYIRVLVPWDSQTLLAOGTNSFSPVCRSYGITSLQQEGEELSGQARCPPDATQSN 177 

SEMA6D_HSA KDECHNFIKVPVPRNDEMVFVOGTNAFNPMCRYYRLSTLEYDGEEISGLARCPFDARQTN 174 



***. *< *. *. *4 



.***#'**:** * ...*. .***.** ******* *. 



Sema 6 C_MMU VAI FAEGSL YSATAADPQASDAWYRSLGPQPPLRSAKYDSKWLRE PHFVYALEHGEHVY 238 

Sema6C_RN0 VAISAEGSLYSATAADFQASDAWYRSLGPQPPLRSAKYDSKWLREPHFVYALEHGDHVY 236 

SEMA6C_HSA VAI FAEGSL YSATAADFQASDAWYRSLGPQPPLRSAKYDSKWLRE PHFVQALEHGDHVY 237 

SEMA6 D_HS A VALFADGECL YSATVADPLASDAVI YRSMGDGSALRTI KYDSIW IKE PHFLHAI E YGN YVY 234 

♦ * J *.****♦, *** *****;***;* . . ** : *♦**♦*;;****. *;*;*;;** 

Sema6C_MM0 FFFREVSVBDARLGRVQFSRVARVCKRmGGSPRALDRHWTSPLKLRLNCSVPGDSTPYF 2 98 

Sema6C_RN0 FFFREVSVEDARLGRVQFSRVARVCKRDMGGSPRALDRHWTSFLKLRLNCSVPGDSTFYP 2 96 

SEMA6C_HSA FFFREVSVEDARLGRVQFSRVARVCKRDMGGSPRALDRHWTSFLKLRLNCSVPGDSTFYF 2 97 

SEMA6D_HSA FFFREIAVEHNNLGECAVYSRVARICKNDMGGSQRVLEKHWTSFLKARLNCSVPGDSFFYF 2 94 

«****::**, ,**. ;*****.** ***** * *'.******* ********** *** 



Sema6C_MMU DVLQSLTGPVNLHGRSALPGVPTTQTNSIPGSAVCAPYLDDIERGPEGKFKEQRSLDGAW 358 

Sema6C_RN0 DVLQSLTGPVNLHGRSALPGVFTTQrTNSIPGSAVCAPYLDDIERGPEGKPKEQRSLDGAN 356 

SEMA6C_HSA DVLQALTGPVNLHGRSALFGVFTTQTNSIPGSAVCAFYLDEIERGFEGKFKEQRSLDGAW 357 

SEMA6D_HSA DVLQS ITDI IQINGI PTWGVFTTQLNSIPGSAVCAFSMDDIEKVFKGRFKEQKTPDSVW 3 54 



**** : : * 



,*♦*♦** *********** .*.**. *.*.****>. * * 



Sema6C_MMU 
Sema6C_RN0 

SEMA6C_HSA 
SEMA6D HSA 



TPVSEDECVPSPRPGSCAGVGAAASPSSSQDLPDDVLLPIKAHPLLDPAVPPATHQPLLTL 418 
TPVSEDKVPSPRPGSCAGVGAAALPSSSQDLPDDVLLFIKAHPLLDPAVPPATHQPLLTL 416 
TPVSEDRVPSPRPGSGAGVGGAALPSSSRDLPDDVLTPIKAHPLLDPAVPPVTHQPLLTL 417 
TAVPEDKVPKPRPGCCAKHGLAEAYKTSIDFPDETLSFIKSHPUflDSAVPPIADBPWFTK 414 



****.** **** ** 



>;**;.* ***;**★;* ^ *♦** J* 



Fig. 1. Amino acid sequence alignment of (HSA)SEMA6D.l, (HSA)SEMA6C.l, rat Sema6C, and mouse Sema6C. The most conserved 
region is located in their extracellular domains, i.e. the Sema domain and the PSI domain. The six conserved cysteines in the cysteine-rich motif, 

CX(ajCX(5jC-X^3jCX(7jC-Sr(7/a)C, are shown. 
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sema6C_Ml^D 


T-SRALLTQVAVDGMAGPHRNTTVLPLGSNIX5TVLK\aiPPGGQSLGSEPIVLEE 
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IKVKIKJjlnXiS vl^nOAV32rI StfMI X VXT VkJadtSAVjr'lVXjIXVXjAJVX idrV o JjuM I/O VXjIjCiEi XCir\lvtn 
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Sem6C_MMU 


ARCSGKRSPRAARRIIGLELDTEGHRLFVAFPGCIVYLSLSRCARHGACQRSCLASLDPY 
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■BOi^C/^BTDC DO B BD D T T rtT 17 T rvrCf^UDT ^"0 CDi^^TirVT CT C D/^a DLir' Ti^/^D C^T liCT FiDV 
J4i<v^oVj|\i\OcrK>UiKKXx^ljaijJJX a^jnKXjr viir F^^X V ILii^L/^KS^AKn^M^^Ki^^ljJi^l^Utrl 
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CCMTVC^ LJC1V 
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Sema6C_MMU 


CGWHRSRG<MSIR-GPGGTDVDLTGNQESTEHGDCQDGATGSQSGPGI>SAYVLLGPGRSP 
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V^VjWHKr KVjWWXK-^jlrkJVj i LyvUJjiViNyiioMJaHvLA-yiJvAXVJoUo>Jr^ VLiljvjr'vj f oF 






^v^uLJcc D^^i^*in^TD Att^ KT^'^Dc^i^uIJ^'^^^^<^^v^ ■RTV' o/^c/^ Tv^ r\o 7VVT7T T^rtiv^DOD 
U^jn Hoo KVJ^ vL/XK V70 ^cVj i U vUyAVj WyrsolrLQMtjlX-yiJvTAlxjo Vijirvjirvy fo F 






rfVlMT CrtnC^VlDV/TD/^MT T T TDriUTa PUMTJC&Cr'VD ArvrPCV^WPTVUT R 
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Setna6C_MIOT 


ETPSSPSDAOQGPOSSTI/SAHTQGVRRDLSPASASRSIPIPmACVAAAPALGASVSGL 
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Coma DKTO 
o Cilia KlMU 


T?'PDCCDCrifiIJD^DACCTTy^'&UT'A/^T7I?Dr\T C DTI CaeDCT DTDT T T ai'^7TMV?iC'aT^ aCTJe^T 

Ci i. FooFoL^Ari ir\jFU>^o i i*tMHitjtT\/KKiJii>i i^.ft>^M>. hf>i i i i-'f .< .i .a^c iiXivAo voVju 
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QPM2i^^(^ urea 


\3 1 Ir o irir ialJlKn irKir'l^d^ IXAjVnX K<»7VKK1J1jFFAoAoKo v i<XHXiljl.>Ao Vi^AAr AXjI^tAo Vo^L> 
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Sema6C_MMU 


LVSCA---CRRANRRRSKDIETPGLPRPLSLRSIAR1WGGGPEPPPPPKDGDAAQTPQLY 
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Xivowi UKKAlMKKKol\UXb i fc^jJ^FKri^aXiKoiuAKi^ONivrsFlri:'!:' 
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IjVoUA to.KKArlKKKVj|SXyXbX fc'^yXilrKt'XjoXiKoi^KJbnKr.^l:' FUltl 


/I ^ 


CI?MA£r\ LTC K 
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ceeded to our satisfaction, it was imperative to quickly stop the reaction 
to prevent excess background. Embryos were washed twice in alkaline 
phosphatase buffer for 5 min each and then washed at least three times 
in PTw buffered to pH 5.5 for 1 h each in the dark and fixed in MEMFA 
(0.1 M MOPS, pH 7.5, 2 mM EGTA, 1 mM MgS04, 3.7% formaldehyde) 
for 1 h. After this time, the embryos could be cleared in glycerol for 
visualization. 

• Growth Cone Collapse Assay and Neurite Outgrowth Assay — C0S7 
cells (5x10^) were transfected with 4 fig of pcDNA3,l-MycHis vector, 
pcDNA3.1-SEMA6C.l, or pcDNA3.1-SEMA6D.l using LipofectAMINE 
(Invitrogen) as recommended by the manufacturer*s protocol. 36-48 h 
after the transfection, the cells and the conditioned media were col- 
lected as described by Luo et al. (15). Serum-free media containing 
secreted SEMA6C.l-mh or SEMA6D.l-mh were concentrated >50-fold 
using Centricon Plus-20 filters (Millipore; molecular mass cutoff, 10 
kDa) before being used in a growth cone collapse assay. The production 
of SEMA6C.l-mh, SEMA6C.3-mh, SEMA6C.l-APSI-mh, SEMA6D.1- 
mh, or SEMA6Ds-mh was monitored by Western blot with antibodies 
against the c-myc or Hlsg epitope (Invitrogen). For the culture of em- 
bryonic chick ElO DRG explants, we used the method described by 
Goshima et al. (16). Primary cultures of dissociated hippocampal and 
cerebral cortical neurons were prepared from the brains of neonatal 
rats (0-1 day, Wistar) as described by Enokido et at, (17). Nerve growth 
factor-differentiated PC 12 cells were cultured as described (18). The 
procedure for growth cone collapse assays and the method for analysis 
of total neurite outgrowth were used according to GrandPre et al. (8). 
For neurite outgrowth assay, PC12 cells were differentiated in the 
presence of NGF (100 ng/ml) for 4-7 days and then trypsinized and 
re-plated onto 3.5-cm wells precoated with poly-L-lysine. Simulta- 
neously, the recombinant proteins were added to the culture. After 
NGF-differentiated PC 12 cells were cultured for 10 to 24 h in the 
presence of the indicated proteins, neurite outgrowth was visualized 
directly or by staining with rhodamine-phalloidin. 



RESULTS 



Identification and Cloning of Human Semaphorin SEMA6C 
and SEMA6D— After sequencing the cDNA libraries of human 
fetal liver, a cDNA clone (No. FLD6219, 690 bp) homologous to 
rat SemaSC cDNA (13) was picked up to search the dbEST and 
the non-redundant GenBank"™ data base. Based on a contig 
sequence assembly and the experimental confirmation of 5'- 
RACE and RT-PCR, we identified iHSA)SEMA6C (Fig. 1), hu- 
man ortholog of rat SemaSC and obtained three splicing vari- 
ants of SEMA6C, here named SEMA6C.1, SEMA6C.2, and 
SEMA6C.3, respectively. The longest isoform (SEMA6C.1, 
3845 bp) contained an open reading frame capable of encoding 
a 962-amino acid polypeptide with a predicted molecular mass 
of 104.3 kDa. The translated sequence, which shows high ho- 
mology (88% identity) to rat Sema6C, is composed of a sema 
domain (aa 64-491) followed by a PSI domain (aa 518-571) 
and a transmembrane segments (aa 633-653). It also contains 
a signal sequence (aa 1-25) at the N terminus and a proline- 
rich region (aa 694-874) at the C-terminal portion. The 
SEMA6C.2 sequence (3749 bp) encodes a 930-aa polypeptide 
and shares the same sequence to the SEMASC. 1 except for a 
96-bp deletion between the extracellular PSI domain and the 
transmembrane domain. To our surprise, the SEMA6C.3 se- 
quence (3725 bp) also shares the same sequence to the 
SEMA6C.1 except for a 120-bp deletion within the region cod- 
ing for the sema domain; and so it encodes only a 922-aa 
polypeptide with an incomplete sema domain (Fig. 2A). 

To look into whether any SEMA6C-related semaphorins re- 
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Fig. 2. Predicted structure of 
(HSA)SEMA6C and (HSA)SEMA6D 
isoforms and genomic organization 
of their genes. A, predicted structure of 
(HSA)SEMA6C and (HSA)SEMA6D iso- 
forms are compared with related sema- 
phorin proteins. S, signal sequence; P, 
PSI domain; TM, transmembrane seg- 
ments; IG, Ig domain; sema, semaphorin 
domain. B, phylogenetic tree of mamma- 
lian class VI semaphorins is analyzed 
only for amino acid sequences of the sema 
domains and PSI domains using the 
CLUSTAL W program. The results were 
visualized by TreeView. H, human; Af, 
mouse; R, rat. C, genomic organization of 
the (HSA)SEMA6C and iHSA)SEMA6D 
genes. Vertical rectangles, exons; horizon- 
tal lines, introns. The shaded blocks indi- 
cate the alternative splicing regions. For 
the {HSA)SEMA6C gene, the SEMA6C.1 
isoform contains all 20 of the exons, 
whereas exons 9 and 19 are deleted in 
SEMA6C.3 and SEMA6C.2 cDNAs, re- 
spectively. For the (HSA)SEMA6D gene, 
the SEMA6Ds isoform is composed of only 
the first 13 exons. Each of the four long 
isoforms contains four to six additional 
exons at the 3' region and, interestingly, 
uses a cryptic acceptor site in axon 13 
(described as exon 13a). In detail, exons 
17 and 18 are deleted in SEMA6D.1; ex- 
ons 16a, 17, and 18 are deleted in 
SEMA6D.2; exons 16a and 18 are deleted 
in SEMA6D.3; and exons 16a is deleted in 
SEMA6D.4. 
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mained to be identified, we used the human SEMA6C sequence 
shown above to search against the non-redundant GenBank*^^ 
data base (BLASTn and BLASTp). Using a similar cloning 
strategy, we isolated five full-length cDNA sequences, which 
represent a single novel human gene. Amino acid sequence 



alignment analysis of its cDNA-coded sequence with those of 
(HSA)SEMA6C, rat Sema6C, and mouse SemaSC showed that 
it contains the typical extracellular domains of the class VI 
semaphorin subfamily, such as class VI sema domain and PSI 
domain, but differs from all of the known members of this 
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subfamily (Fig. 1); thus it was called (HSA)SEMA6D. Its four 
distinct long isoforms (here named SEMA6D.1, SEMA6D.2, 
SEMA6D.3, and SEMA6D.4) were 5914, 5875, 5932, and 6100 
bp (not including multiple A nucleotides) in size, encoding 
1011, 998, 1017, and 1073 aa, respectively. Sequence analysis 
has shown that all of the translated polypeptides are composed 
of a signal sequence (aa 1-21) followed by a class VI sema 
domain (aa 59-477), a PSI domain (aa 508-563), a transmem- 
brane segment, and a long cytoplasmic region (Fig, 2A). 

Phylogenetic analysis shows that the novel transmembrane 
semaphorin is closely related to class VI semaphorins, and in 
mammalian class VI semaphorins, semaphDrin6A and -6B are 
closer to SEMA6D than semaphorin6C (Fig. 2B). In the most 
conserved region (the extracellular domains, Le. the sema do- 
main and PSI domain), SEMA6D not only shows considerable 
similarity to human SEMA6A1 (identities, 60%; positives, 
77%), SEMA6C (identities, 52%; positives, 70%), and SEMA6B 
(identities, 52%; positives, 68%) but also moderate similarity 
(up to 40% amino add identity) to many other proteins contain- 
ing this domain. In addition, the PSI domain of SEMA6D con- 
tains the short cysteine-rich motif, GX(8)CX(5)CX(3)CX(7)CX(7/8), 
which is a highly conserved consensus in class VI semaphorins. 
Taking our findings together, we conclude that this gene is a 
novel member of class VI semaphorin. It was named 
(HSA)SEMA6D according to the views of the Semaphorin No- 
menclature Committee (2). 

For the four long isoforms of SEMA6D, an alternative splic- 
ing region was located between the extracellular PSI domain 
and the transmembrane domain(Fig. 2C). The shortest mRNA 
variant (2290 bp, here designated SEMA6Ds), however, used 
an early stop codon (because of a shift in the reading frame) and 
encoded a truncated polypeptide of 476 aa. The predicted pro- 
tein is identical to the N-terminal 476-aa sequence of 
SEMA6D.1 and contains only a signal sequence followed by a 
sema domain but no PSI domain (Fig. 2A). 

Genomic Structures and Chromosomal Localization of the 
Genes for Human SEMA6C and SEMA6D—Wiien human 
SEMA6C and SEMA6D cDNA sequences were queried against 
the human genomic data base using a BLAST search, their 
corresponding genomic sequences were fortunately retrieved. 
The cDNA sequences of human SEMA6C exactly matched to 
chromosome 1 clone RPl 1-68118 ((jenBank™ accession No. 
AL592424.1), whereas the cDNA sequences of human SEMA6D 
exactly matched to chromosome 15 clone RP11-198M11 (Gen- 
Bank™ accession No. AC018900.8, map 15q21.1) and chromo- 
some 15 clone CTD-2270N23 (AC044787.6, map 15q21). Then, 
alignment between the human SEMA6C or SEMA6D cDNAs 
and their genomic sequences revealed that human SEMA6C 
£uid SEMA6D are composed of at least 20 and 19 exons, respec- 
tively (Fig. 2C). The sequences of the intron/exon jimctions 
were all exactly consistent with the typical GT-AG consensus 
motif of the splice donor and acceptor sites except for two 
GO-AG sites (in introns 1 and 14) in SEMA6C and a GO-AG site 
(in intron 9) in SEMA6D. Alignment between the cDNAs and 
their genomic sequences also revealed that the human SEMA6C 
and SEMA6D genes span about 15 and 58 kb of genomic DNA, 
respectively. For human SEMA6C, only SEMA6C.1 contains all 
20 of the exons, whereas exon 19 is deleted in SEMA6C.2 and 
exon 9 in SEMA6C.3. For human SEMA6D, no cDNA contains all 
19 of the exons. Exons 13b, 17, and 18 are deleted in SEMA6D.1, 
whereas exons 13b, 16a, 17, and 18 are deleted in SEMA6D.2; 
exons 13b, 16a, and 18 are deleted in SEMA6D.3; and exons 13b 
and 16a are deleted in SEMA6D.4. 

Following the principle of computer-based chromosomal 
mapping described under "Experimental Procedures," 64 ESTs 
highly matched to human SEMA6D cDNA sequence were col- 
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Fig. 3. Northern blot analysis of iHSA)SEMA6C and 
(HSA)SEMA6D transcription in 12 human tissues. A human mul- 
tiple tissue Northern blot (1 fig of poly(A)'' RNA/lane, CLONTECH) was 
hybridized with a-^=^P-labeled SEMAGC-specific (A), SEMA6D common 
(B), or SEMA6D long isoform-specific (C, upper panel) probe or with a 
/3-actin cDNA probe (C, lower panel), respectively. Hybridization with 
/3-actin served as a loading control. Size markers are indicated on the 
left. 

lected. All of them have been clustered into a Homo sapiens 
UniGene cluster, Hs. 19 1098, which has been mapped on chro- 
mosome 15q21.1 (www.gdb.org/gdb/) based on the sequence- 
tagged sites WI-6361, WI-8879, D15S1223, stSG49296, and 
D15S1188. Hence, the human SEMA6D gene should also be 
mapped on 15q21.1. Similarly, the human SEMA6C gene is 
assigned to chromosome lql2-2 1.1.1 based on a UniGrene clus- 
ter, Hs.54937 (clustered from 37 ESTs), and the marker 
stSG28736. The results were confirmed by the genomic se- 
quence search described above. Recently, a search of the Gen- 
Bsmk™ for sequence similarity with the mouse sequences 
turned up a high-throughput genomic sequence of a BAG (chro- 
mosome 16, clone rp23-llg21, accession No. AC084272.il) con- 
taining part of the mouse SemaSC gene. The sequencing of the 
BAG was not completed at the time of this writing. 

Expression Distribution of SEMA6C and SEMA6D — In an 
attempt to evaluate the transcript size and transcription pro- 
file of the human SEMA6C, a human multiple tissue Northern 
blot was hybridized to the SEMA6C-specific probe. Northern 
analysis of SEMA6C expression in 12 human tissues revealed 
two transcripts of about 4.0 and 6.0 kb (Fig. 3A), The smaller 
one (--4.0 kb) is the major transcript, the size of which is 
consistent with the cDNAs obtained. The larger transcript 
(~6.0 kb) is also long enough to cover the three isoforms of 
SEMA6C listed above. Among the 12 adult tissues, both of the 
transcripts are expressed predominantly in skeletal muscle, 
moderately in heart, brain, and kidney, and sparingly in liver 
and placenta, but they are hardly detectable in colon, thymus, . 
spleen, small intestine, lung, and peripheral blood leukocytes. 
To evaluate the transcription profile of the short and long 
isoforms of human SEMA6D, Northern blot analysis of 
SEMA6D expression was carried out using probes derived fi-om 
the 3' long isoform-specific region and the 5' common region of 
the SEMA6D cDNAs, respectively. A single band of -6.5 kb 
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Fig. 4. In situ hybridization of (HSA)SEMA6C and 
iHSA)SEMA€D in developmental embryos. Murine embryos (10.5 
and 13 days) were dissected free of any extra-embryonic membranes. 
Embryos were treated with 10 jitg/ml proteinase K in PTw for 30 min 
and re-fixed in 4% paraformaldehyde + 0.1% glutaraldehyde for 20 min 
at room temperature. As much liquid as possible was removed, and the 
embryos were prehybridized at 63 *C for 2 h; then probe was added to 
a final concentration of about 0.5 ^ig/ml, and the embryos were hybrid- 
ized overnight at 63 "C. A, E10.5 mouse; B, E13 mouse. 6-DSP, 
SEMA6D short isoform probe; 6-CLP, SEMA6C long isoform probe; and 
6-DLP, SEMA6D long isoform probe. 

was detected with the 3 '-specific probe in most of the 12 tissues 
(Fig. 3C), whereas two distinct transcripts (6.5 and 5.0 kb) were 
identified with the 5' common probe (Fig. ZB). The larger one, 
the size of which is consistent with the long isoforms of 
SEMA6D, is the major transcript. It is expressed abundantly in 
kidney, brain, and placenta, moderately in heart and skeletal 
muscle, and sparingly in the lung, colon, and small intestine 
but is hardly detectable in liver, spleen, thymus, and periph- 
eral blood leukocytes. The smaller transcript was expressed 
faintly in kidney, skeletal muscle, heart, and placenta and was 
hardly detectable in the other eight tissues. The results pre- 
sented above were confirmed by an additional dot blot analysis, 
in which a dot blot containing a total of 68 normal tissues and 
8 human cancer lines was hybridized to the same probes for 
SEMA6C or SEMA6D, respectively. Intriguingly, SEMA6C or 
SEMAGDs was hardly detectable in the eight human cancer 
cell lines examined (detailed data are shown in the Supplemen- 
tal Material). 

In order to get further insight into the role(s) played by these 
semaphorins during neural development, we carried out in situ 
hybridization of murine whole movmt embryos. It was demon- 
strated that there are no hybridization signals in E10.5 mouse. 
However, for E13 mouse embryos, hybridization staining was 
profound in the brains of all experimental groups. The distri- 
bution of positive signals (Fig. 4) was located mainly around 
the areas of the lateral ventricle, striatum, wall of midbrain, 
pons/midbrain junction, and choroid plexus for 6-DSP 
(SEMAGDs probe), 6-CLP (SEMA6C long isoform probe), and 
6-DLP (SEMA6D long isoform probe). Meanwhile, staining on 
the roof of the neopallial cortex was also found in 6-DLP and on 
the spinal cord in 6-CLP. The results presented above imply 
important roles for the three genes during the development of 
the central nervous system, but there is also little difference 
among them. 

Moreover, the expression of these semaphorins in neurons 
was identified. The primary neurons, isolated from the spinal 
cords (cortex) of newborn rats, showed a typical appearance of 
different kinds of neurons, with different sizes and shapes. 
Under a phase contrast microscope, they became hypertrophic 
and enlarged beginning at 6 h, and then different numbers of 
thin processes were seen to set at each of its termini or around 
the soma (see Supplemental Material). A few glias were also 
noted in the dishes. Two days later, the neuron in the dishes 




Fig. 5. In situ hybridization of (JBSA)SEMA6C and 
iHSA)SEMA6D in neiirons. A and B, photomicrographs show the 
neurons, after being cultured for 7 days, forming a neuronet. Dense 
processes were also seen between the perikaryons. All of the neurons in 
the figure were labeled deeply with 6-DSP (SEMABDs probe). The 
palest nuclei were noted in the center of the perikaryon; thick dendrites 
and deeply stained bead-like processes were labeled. No axons were 
labeled. C and D, the dispersion neurons and neuron cluster, after 4 
days of culture, could be labeled with 6-CLP (SEMA6C long isoform 
probe). The soma gives rise to different numbers of deeply stained 
dendrites. We noted that an axon-like process seemed to be lightly 
stained. However, the nuclei were not stained. E and F, scattered 
neurons were labeled by 6-DLP (SEMA6D long isoform probe) after 
culture for 4 days. The perikaryons were labeled lightly or deeply, but 
there was no labeling in the nuclei. 

formed a net, and more dense processes also formed. Fig. 5 
shows that almost all of the neurons in in situ hybridization 
dishes were stained by three kinds of special probes such as 
6-DSP (SEMA6DS probe), 6-CLP (SEMA6C long isoform 
probe), and 6-DLP (SEMA6D long isoform probe). However, no 
astrocsrtes in the dishes were stained. The labeled neurons, 
including their perikaryons and processes and even their ter- 
mini, were stained with a deep blue color; however, their nuclei 
were not stained. We carefully observed the axons but did not 
find any labeling. There was no labeling in the control group or 
in the perikaryons and processes. 

Alternative Splicing of SEMA6C and SEMA6D—As three 
SEMA6C alternatively spliced variants and four SEMA6D long 
isoforms were isolated, it was implied that they might have 
different expression patterns. To evaluate this possibility for 
SEMA6C, we first performed RT-PCR assays using primers 
designed to give 453- or 357-bp bands depending on the pres- 
ence or absence of the 96-bp insertion. As shown in Fig. 6, 
mRNA fi-om most tissues gave both the 453-bp band and the 
357-band; however, in muscle the 453-bp band (corresponding 
to SEMA6C.1 and SEMA6C.3) was far stronger than the 357- 
band (corresponding to SEMA6C.2), which is consistent with 
the result fi"om a previous report on the rat ortholog (13). When 
human cerebral cortex and cerebellum were examined by the 
same analysis, however, only the 357-bp band was detected, 
indicating that SEMA6C.2 is the major transcript in these 
tissues. To verify the existence of the human SEMA6C.3 se- 
quence above and assess the expression profile of the distinct 
isoforms, we performed RT-PCR using primers designed to give 
495- or 375-bp bands depending on the presence or absence of 
the 120-bp insertion. In most of the tissues tested (Le. himian 
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Fig. 6. Distribution of (HSA)SEMA6C and (HSA)SEMA6D iso- 
forms examined by RT-PCR Human mRNA (CLONTECH) or rat 
and mouse total RNA from various tissues was used as template for 
RT-PCR. For (HSA)SEMA6C (top), a pair of primers gave 495- and 
375-bp fragments, indicating the presence or deletion of a 120-bp in- 
sertion; another pair of primers gave 453- and 357-bp fragments indi- 
cating the presence or deletion of a 96-bp insertion. Panels were nor- 
malized against glyceraldehyde-3-phosphate dehydrogenase. For 
(HSA)SEMA6D ibottomX a pair of primers gave 144-, 164-, and 312-bp 
fragments representing SEMA6D.1, SEMA6D.3, and SEMA6D.4, re- 
spectively. The predicted 105-bp band (representing SEMA6D.2) was 
not detected in any tissue examined so far. Amplified DNA fragments 
were fractionated on a 1% (SEMA6C) or 2% (SEMA6D) agarose gel and 
stained by ethidium bromide. The fragment sizes are shown on the left. 

placenta and cerebellum and human, mouse, and rat adult 
skeletal muscle), both the 495-bp band (corresponding to 
SEMA6C.1 and SEMA6C.2) and the 375-bp band (correspond- 
ing to SEMA6C.3) were detected, indicating ubiquitous expres- 
sion of the isoforms. In muscle, however, the 495-bp band was 
much stronger than the 375-band. Thus, the results presented 
above suggest that SEMA6C.1 is. the megor isoform of 
SEMA6C. In addition, ahnost none of the 375-bp band was 
detected in the adult human cerebral cortex, suggesting that 
SEMA6C.3 is expressed exclusively in certain tissues. 

As described above (Fig. 2C), human SEMA6D mRNAs in- 
clude one short isoform and four long isoforms. The SEMA6D.2 
isoform (5875 bp) shares the same sequence to SEMA6D.1 
except for a 39-bp deletion between the extracellular PSI do- 
main and the transmembrane domain. The SEMA6D.3 isoform 
(5932 bp) shares the same sequence to the SEMA6D.2 sequence 
except for a 57-bp insertion, whereas the 6100 bp isoform 
(SEMA6D.4) shares the same sequence to the SEMA6D.3 se- 
quence except for a 168-bp insertion nearby the above region. 
To further verify the existence of the four long isoforms for 
human SEMA6D and assess their relative expression profile, 
we performed RT-PCR using primers designed to give 105-, 
144-, 162-, or 312-bp bands corresponding to SEMA6D.2, 
SEMA6D.1, SEMA6D.3, and SEMA6D.4, respectively. As 
shown in Fig. 6, the 144 bp band was ubiquitously detected in 



the adult and fetal human tissues examined except for the 
placenta, only the 162-band in almost all the adult tissues, and 
a significant 312-bp band only in adult muscle and placenta, 
indicating that SEMA6D.1 is the major transcript. However, 
the predicted 105-bp band was not detected in any examined 
tissue so far. 

Secretion and Cellular Localization of SEMA6C and 
SEMA6D — Hydrophilic analysis shows that each of the three 
isoforms of SEMA6C or the four long isoforms of SEMA6D 
contains two hydrophobic regions. One is assumed to be a 
signal sequence and the other a transmembrane sequence. 
Thus, all of the proteins are assvuned to be cell surface proteins. 
On the contrary, since SEMA6Ds contains only a signal se- 
quence followed by a sema domain (Fig. 2A), it is assumed to be 
a secreted protein. Therefore, when their partial cDNAs encod- 
ing the extracellular regions (including a signal sequence, a 
sema domain, and a PSI domain) or the entire CDS of 
SEMA6Ds were subcloned into pcDNAS.l-MycHis and ex- 
pressed transiently in C0S7 cells, it was predicted that the 
recombinant proteins would be expressed in soluble form. To 
confirm this prediction and to facilitate functional studies of 
the SEMA6C and SEMA6D genes, the four plasmids 
pcDNA3.1-SEMA6C.l, pcDNA3.1-SEMA6C.3, pcDNA3.1- 
SEMA6DS, and pcDNA3.1-SEMA6D.l, described under "Ex- 
perimental Procedures," were expressed transiently in C0S7 
cells. Expression of the proteins was confirmed by Western 
analysis. A imique band is specifically recognized in each of the 
cell extracts or the supernatants collected from pcDNAS.l- 
SEMA6C.1- or pcDNA3.1-SEMA6D.l-transfected cells (Fig. 
7A). In the cell lysates, the identified bands are consistent with 
the predicted sizes of 62.5 and 67.1 kDa for the unprocessed 
and the tagged fusion proteins (including the signal peptide), 
respectively. In the supernatants, however, the apparent mo- 
lecular masses (^75 kDa and 80 kDa, respectively) were larger 
than the predicted sizes of 59.7 and 64.7 kDa (the processed 
fusion proteins without the signal peptide). This suggests that 
the secreted proteins were modified during or after secretion. 
Rat Sema6C and other semaphorins have been demonstrated 
as glycoproteins (3, 13), and so it is very likely that SEMA6C 
and SEMA6D are also glycoproteins. This probability was sup- 
ported by the motif searching through Prosite, which indicated 
that there are three potential iV-glycosylation sites in 
SEMA6C.1 and nine in SEMA6D.1. 

In the cell extracts collected from pcDNAS.l, SEMA6C.3-, or 
pcDNA3.1-SEMA6Ds-transfected cells, the imique bands are 
also specifically recognized with the predicted sizes of 58.1 and 
54.2 kDa for the unprocessed and the tagged fusion proteins, 
respectively (Fig. IB). In the conditioned medium, however, no 
band was specifically recognized, indicating that the fusion 
proteins were not secreted. Based on the molecular masses of 
the fusion proteins in the cell lysates, the fusion proteins 
within the host cells might not be modified with iV-linked 
glycosylation. To evaluate further the possible roles of different 
extracellular domains on subcellular localization of the 
semaphorin proteins, we constructed a vector (pcDNA3.1- 
SEMA6C,1-APSI) by deleting the PSI domain of pcDNA3.1- 
SEMA6C.1. COS7 cells transfected with this vector did not 
express the fusion protein in secreted form either, which is 
consistent to the results above. To examine fiurther whether the 
incomplete extracellular domains have any effect on the intra- 
cellular localization of the proteins, we performed immuno- 
staining of C0S7 cells expressing the five fusion proteins de- 
scribed above using anti-Myc antibody. As predicted, COS 7 
cells transfected with pcDNA3.1-SEMA6C.l or pcDNA3.1- 
SEMA6D.1 showed Myc immunoreactivity on the cell surface 
and in the cytoplasm (Fig. 7C). In the cells transfected 
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Fig. 7. Characterization of SEMA6C and SEAfA6D transiently 
expressed in COST cells. The recombinant proteins (SEMA6C.l-mh, 
SEMA6C.3-mh, SEMAeC.l APSI-mh, SEMA6D.l-mh, and SEMA6Ds- 
mh) from botK the cell lysates and the conditioned media (supematants) 
were run on a 10% SDS-polyacrylamide gel under reducing condition 
and visualized on a Western blot with a monoclonal antibody against 
the Myc tag. The predicted bands are recognized specifically in both the 
cell lysates (L) and the supematants (S) collected from 
pcDNA3.1-SEMA6C.l- or pcDNA3.1-SEMA6D.l-transfected cells (A). 
The 62- and 67-kDa protein bands from the cell lysates containing 
SEMA6C.l-mh and SEMA6D.l-mh are consistent with the predicted 
sizes of the unprocessed and the tagged proteins, respectively. The pre- 
dicted fusion proteins were detected also in the cell lysates from trans- 
fected cells with pcDNA3.1-SEMA6C.3, pcDNA3.1-SEMA6C.l-APSI, or 
pcDNA3.1-SEMA6Ds but not in the corresponding conditioned media (B). 
C, cellulsu* localization of the five fiision proteins displayed by immtmo- 
staining of transfected COST cells. COS? cells were transfected with the 
five plasmids listed above. Two days after the transfection, the cells were 
fixed with paraformaldehyde and stained with alkaline phosphatase- 
labeled anti-Myc antibody. The nuclei were stained by Hoechst 33342 
(data not shown). 

with pcDNA3.1-SEMA6C,3, pcDNA3.1-SEMA6C.l-APSI, or 
pcDNA3.1-SEMA6Ds, the fusion protein was detected as punc- 
tate green staining distributed throughout the cytoplasm and 
even accumulated at the two ends of many cells, which counted 
56.8, 45.2, and 62.5% of the total transfected cells, respectively. 
In the other cells, however, the distribution of the immunore- 
active material was similar to that in the cells transfected with 
pcDNA3.1-SEMA6C.l or pcDNA3.1-SEMA6D.l. As seen in 
Fig. 2A, the expected peptide encoded by pcDNA3.1-SEMA6C.3 
contained a truncated sema domain, and the peptide encoded 
by pcDNA3.1-SEMA6C.l-APSI or pcDNA3.1-SEMA6Ds con- 
tained no PSI domain at all. Thus, the results support the 
possibility that a sema domain and a PSI domain in their 
integrity are necessary for the appropriate post-translational 
modification and subcelliilar localization of the semaphorin 
proteins. Those results were further supported by analysis with 
the GFP fusion protein localization system (see Supplemental 
Materials). 

Growth Cone Collapse Activity of SEMA6C and SEMA6D— 
Because SEMA6C.1 and SEMA6D.1 are demonstrated to be the 
major isoforms of SEMA6C and SEMA6D, respectively, soluble 
versions of SEMA6C.1 and SEMA6D.1 were engineered for the 



functional experiments. Medium conditioned by the cells trans- 
fected with SEMA6C.1 or SEMA6D.1 was concentrated and 
added to chick ElO DRG explant and cultures, respectively. 
Growth cone morphology -was assessed after a 60-min incuba- 
tion at 37 °C by fixation and rhodamine-phalloidin staining. 
The extracellular domain of SEMA6C.1 possesses growth cone- 
collapsing activity for chick ElO DRG neurons, acutely altering 
growth cone morphology at concentrations as low as 1.0 mg/ml. 
It is consistent with the results of rat Sema6C (13). In addition, 
the supernatant containing SEMA6C.l-mh collapsed growth 
cones of cultured rat hippocampal neurons and rat cortical 
netirons in a dose-responsive manner (Fig. 8, A and B). In 
comparison, SEMA6D.l-mh was also observed to inhibit axonal 
extension of NGF-differentiated PC 12 cells and to collapse 
growth cones of chick DRG and rat hippocampal neurons but 
not to collapse growth cones of rat cortical neurons, even at 
concentrations as high as 4 mg/ml (Fig. 8C). As a control, 
medium conditioned by mock-transfected cells had no apparent 
collapsing activity. The growth cone collapse and outgrowdh 
assays suggest that SEMA6C.1 and SEMA6D.1 inhibit axon 
outgrowth activity with distinct tissue specificity. 

DISCUSSION 

So far more than 25 semaphorin genes have been cloned, and 
some of them have been shown to be repulsive signals for 
growing axons. In the class VI semaphorins, only mouse 
SemaGA were reported to have growth cone collapse activities 
on chick E8 sympathetic chain ganglia and E7 DRG (19); rat 
Sema6C has similar activity on chick E8 DRG (13). In this 
study, to determine whether SEMA6C and SEMA6D have re- 
pulsive activity on neurons, we performed growth cone collapse 
assays and a neurite outgrowth assay using their recombinant 
secreted proteins instead of the wild-type transmembrane pro- 
teins. Functionally, the extracellular domain of SEMA6C in- 
hibited axonal extension of NGF-differentiated PC 12 cells and 
induced growth cone collapse of chick DRG, rat hippocampal 
neurons, and rat cortical neurons in a dose-dependent manner. 
SEMA6D was also observed to inhibit axonal extension of 
NGF-differentiated PC 12 cells and collapse growth cones of 
chick DRG and rat hippocampal neurons but not to collapse 
growth cones of rat cortical neurons at the tested concentra- 
tions. Under our experimental conditions, it seems that 
SEMA6C and SEMA6D have similar potent repulsive activity 
on the neurons examined, except on rat cortical neurons. These 
data suggest that membrane-bound semaphorins act as chemo- 
inhibitory molecules in neuronal development, a role similar to 
and likely overlapping with that of the class III semaphorins. 
However, the expression of SEMA6C and SEMA6D predomi- 
nantly in the adult tissues makes them potentially important 
molecules in nervous system maintenance and repair. Further- 
more, the sensitivities of different growth cones to distinct 
semaphorins may be different. 

It is worth noting that SEMA6D has an expression profile 
that overlaps that of SEMA6A-1, a very close relative of 
Sema6A. SEMA6A-1 is expressed highly in the placenta and 
fetal brain and kidney (20), whereas SEMA6D is expressed 
abundantly not only in the placenta and fetal brain and kidney 
but also in the adult brain and kidney. This profile is consistent 
with a more general role of the proteins in neurogenesis and 
organogenesis as well as in regenerative and degenerative pro- 
cesses; all of these expression areas are characterized by a 
highly dynamic rearrangement of cytoskeletal elements (20). It 
has been reported that Sema6A has an expression pattern 
consistent with a role as a local inhibitor of developing sympa- 
thetic axons in vivo. In addition, another "function unknown" 
semaphorin, SEMA6B, was expressed strongly in brain and 
moderately in heart (21). Therefore, it is likely that many of 
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Fig. 8. The inhibitory activities of SEMA6C-mh and 
SEMA6D-mh for axonal extension. Chick ElO explants and dissoci- 
ated rat hippocampal (HN) and cortical neurons iCN) were cultured and 
exposed to SEMA6C-mh and SEMAGD-mh collected from the condi- 
tioned media for 60 min before fixation and staining with rhodamine- 
phalloidin. The percentage of collapsed growth cones at 2 mg of total 
protein/ml (A) and the dose-response curves comparing the growth cone 
collapsing activities of SEMA6C-mh (B) and SEMA6D-mh (C) on chick 
ElO explants and dissociated rat HN and CN are shown. Conditioned 
medium containing mock MycHis was used as a negative control. All 



these overlapping molecules have redundant functions acting 
on any class of axons, but their probable precise combinations 
guiding many classes of axons, by process of elimination, to 
their target tissues need to be revealed. 

Because three isoforms of SEMA6C and five isoforms of 
SEMA6D have been isolated, the significance of the alterna- 
tively spliced variants attracted our interest. With Northern 
blot analysis and RT-PCR, we have demonstrated their expres- 
sion to be regulated in a tissue- and development-dependent 
manner; SEMA6C.1 and SEMA6D.1 are the major isoforms of 
SEMA6C and SEMA6D, respectively. Similarly to rat Sema6C 
(13), the alternatively splicing region is located mainly between 
the extracellular PSI domain and transmembrane segments for 
human SEMA6C and SEMA6D (Le. SEMA6C.2 and the four 
long isoforms of SEMA6D). What is of interest is that 
SEMA6C.3 contains only an incomplete sema domain, and 
SEMA6DS is a "SEMA6D tnmcate" lacking the PSI domain. 
The alternative splicing process related to deletion in the sema 
domain was described previously in human SEMA3F (22, 23) 
and SEMA4F (24). The biological significance of these deletions 
in the sema domain is inexplicable, because the locations of 
those deletions correspond to the position of an important 70 
amino acid region within the sema domain, which was shown to 
specify the biological activity of the three class III semaphorins 
by deletion analysis (25). In addition, similar to SEMA6Ds, a 
human "semaphorin 6B tnmcate" (SEMA6B.1) containing a 
signal sequence followed only by a sema domain but lacking the 
PSI domain has also been assumed to be a secreted protein by 
others (21). When the entire CDS of SEMA6Ds was subcloned 
into pcDNA3.1 -MycHis and expressed transiently in COS 7 
cells, however, the recombinant protein was present only in the 
cell lysate but was not detected in the conditioned medium. 
SEMA66.1 has not been confirmed to represent a secreted 
protein by any experiment either. Intriguingly, all of the 
COS 7 cells transfected with the three expression vec- 
tors (pcDNA3.1-SEMA6C.3, pcDNA3.1-SEMA6C.l-APSI, or 
pcDNA3.1-SEMA6Ds) encoding incomplete extracellular do- 
mains could not secrete the recombinant proteins into the 
medium. These data plus the immunofluorescence assay sug- 
gest that the integrity of a sema domain or a PSI domain is 
necessary for the correct subcellidar localization of the sema- 
phorin proteins. Because the extracellular region of SEMA4D 
(CD 100) has recently been demonstrated to be released fi-om the 
surface of T lymphocytes by regulated proteolysis and thus to act 
as a long range guidance cue in the immime system (26), it is 
worthwhile to study whether this kind of post-translational mod- 
ification is shared by other transmembrane semaphorins. 

Although the cjrtoplasmic regions of class VI semaphorins 
are longer than those of other classes, which are sufficient to 
have signaling function (20, 24, 27, 28), recent work has begun 
in elucidating the nature of the semaphorin receptor. So far, 
transmembrane semaphorins other than class III have been 
shown to interact directly with plexins (29-31). Because the 
plexin family is a large one, it is attractive to suppose that 
particular plexins will help to determine the specificity of both 
semaphorin binding and the biological response. It is hoped 
that the characterization of the receptors for SEMA6C and 
SEMA6D and the further elucidation of their functions in vivo 
will facilitate the understanding of the mechanism of neural 
development and nerve regeneration after ii\jury and provide 
us with possible treatment strategies for certain neurodegen- 
erative diseases. 



results are the means ± S.E. from four to six determinations. In A and 
D, those values that are significantly different from control are indi- 
cated (*,/> < 0.05). 
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